TanDEM-X digital elevation measurements, provided the basis for another map (Krieger et al., 2007) . In this 1 study, Differential Synthetic Aperture Radar Interferometry (DInSAR) has been used to estimate glacier mass 2 balance in the Kangri Karpo between 1980 and 2014. 3 4 2 Study Area 5 The Kangri Karpo mountain range, in southeastern Tibet, lies at the eastern end of the Nyainqentanglha 6 mountains, extending about 280 km from northwest to southeast; south of Bomi County, and near Motuo, Zayu 7
and Basu Counties (Fig. 1) . North of this region is the Purlung Zangbo river, a tributary of the Yalung Zangbo, 8 while on the other side flows the Gongri Gabo river, part of the western tributary of the Zayü River. This 9 eastern section is exposed to the moist southwest monsoon (Li et al., 1986) , which enters the plateau at the 10 Grand Bend of the Yarlung Zangbo, where the terrain forces the air to rise. During winter and spring, the 11 westerly jet in the Northern Hemisphere is blocked by the Tibetan Plateau and splits in two; the southern 12 branch forms a trough in the study area after bypassing the Himalayas. Moisture from the Bay of Bengal is 13 attracted to this trough, landing on the TP and resulting in heavy snowfalls. It is the most humid region of 14
Tibetan Plateau and one of the most important and concentrated regions of maritime (temperate) glacier 15 development (Shi and Liu, 2000; Shi et al., 2008a).
16
It is estimated that the mean summer air temperature at the equilibrium-line altitude (ELA) of glaciers 17 here is usually above 1 °C , and annual precipitation is 2500-3000 mm (Shi et al., 1988) . Most glaciers are at 18 the pressure-melting point, surface ablation is intense and glacier velocity is rapid (Li et al., 1986 
Topographic Maps 30
Five topographic maps at a scale of 1:100,000 and 50 at 1:50,000, compiled from aerial photos taken in 31
October 1980 by the Chinese Military Geodetic Service were employed in the present study. Using a 32 seven-parameter transformation method, these maps were georeferenced into the 1954 Beijing Geodetic 33
Coordinate System (BJ54: geoid datum level is Yellow Sea mean sea level at Qingdao Tidal Observatory in Administration of the People's Republic of China, the nominal vertical accuracy of these topographic maps 39 was within 3-5 m for flat and hilly areas (with slopes of < 2° and 2-6°, respectively) and within 8-14 m for the 40 mountainsides and high mountain areas (with slope of 6-25° and >25°, respectively). Since the slopes of the 41 most of the glacierized areas in the Kangri Karpo were gentle (~19°), the vertical accuracy of the TOPO DEM 42 on the glaciers is better than 9 m. 43 44
Shuttle Radar Topography Mission 45
The SRTM acquired interferometric synthetic aperture radar (InSAR) data simultaneously in both the C-and it was used to study ice surface elevation change. 53 1
TerraSAR-X/TanDEM-X 2
TerraSAR-X was launched in June 2007 by the German Aerospace Center (DLR). TerraSAR-X and its add-on 3 for digital elevation measurements (TanDEM-X) are flying in a close orbit formation to act as a flexible 4 single-pass SAR interferometer (Krieger et al., 2007) . Interferometric data can be acquired in the pursuit 5 monostatic mode, the bistatic mode and the alternating bistatic mode. The current baseline for operational 6 DEM generation is the bistatic mode which minimizes temporal decorrelation and makes efficient use of the 7 transmit power (Krieger et al., 2007). 8
The experimental Co-registered Single look Slant range Complex (CoSSC) files, acquired in bistatic InSAR 9 stripmap mode on 18 February 2014 and 13 March 2014, were employed in this study ( Fig. 2 and Table 1 ). The
10
CoSSC files were focused and co-registered at the TanDEM-X Processing and Archiving Facility (PAF) supraglacial boulders and debris-covered ice (Fig. 3) . The final contiguous ice coverage was divided into 41 individual glacier polygons using topographical ridgelines (TRLs), generated automatically from the SRTM-C 42 DEM (Guo et al., 2011).
43
The best way to assess the accuracy of glacier outlines is to compare compiled results with independently 44 digitized glacier outlines using high-resolution air photos from random locations (Bolch et al. In this study, a new method, based on an axis concept derived from the glacier's shape, was applied; 7 requiring only the glacier outline and the DEM as input (Yao et al., 2015) . The glacier-axis concept assumes 8 the main direction of any given glacier can be defined as a curved line. The glacier outline is divided initially 9 into two curved lines based on its highest and its lowest elevation. Using these, the glacier polygon is then 10 divided by Euclidean distance into two regions. The common boundary of these two regions is the glacier axis 11 or glacier centerline. An error estimation of the resulting centerlines was performed, comparing the 12 semi-automatically generated results to high-resolution aerial imagery at the terminus. A Corona image, with a 13 resolution of 4 m, and Google Earth TM images, with a resolution better than 1 m, were used to evaluate the 14 accuracy of these centerlines. In a comparison with topographic maps and Landsat images, the uncertainties in 15 centerline location were no more than 6 m and 7.5 m, respectively. 16 17
Glacier elevation changes 18
The TerraSAR-X/TanDEM-X acquisitions were processed by differential SAR interferometry (DInSAR)
19
(Neckel et al., 2013) using GAMMA SAR and interferometric processing software (Werner et al., 2000) .
20
The interferometric phase of the single-pass TerraSAR-X/TanDEM-X interferogram can be described by 21
where ∆ ∅TSX TDX ⁄ is the phase difference of phases ∅TSX and ∅TDX simultaneously acquired by TerraSAR-X 23 and TanDEM-X, ∆ ∅orbit is that from the different acquisition geometry of the SAR sensors, and ∆ ∅topo from 24 topography. ∆ ∅atm and ∆ ∅scat are the phase differences introduced by atmospheric conditions and different 25 scattering on the ground. As the TerraSAR-X/TanDEM-X data were acquired simultaneously, the same 26 atmospheric conditions and scattering could be assumed for both SAR antennas, thus setting ∆ ∅atm and 27 ∆ ∅scat in Eq. (1) to zero. ∆ ∅orbit was removed from the interferogram by subtracting a simulated flat-earth 28 phase trend (Rosen et al., 2000).
29
The DInSAR approach can be described by 30
where ∆ ∅SRTM−C is the February 2000 SRTM-C interferometric phase. Lacking the raw interferometric data, 32 ∆ ∅SRTM−C was simulated from SRTM-C DEM data using the satellite geometry and a baseline model of the 33
TerraSAR-X/TanDEM-X pass. Thus the differential phase ∆ ∅diff is based solely on changes in ∆ ∅topo 34 between data acquisitions (Neckel et al., 2013).
35
To improve the phase-unwrapping procedure and minimize errors, the unfilled, finished, SRTM C-band 36 DEM was employed. Before generating the differential interferogram, precise horizontal offset registration and 37 fitting between the SRTM C-band DEM and the TerraSAR-X/TanDEM-X acquisitions is required. Based on 38 the relation between the map coordinates of the SRTM C-band DEM segment covering the 39
TerraSAR-X/TanDEM-X master file, and the SAR geometry of the respective master file, an initial lookup 40 In order to convert derived surface-elevation changes into glacier mass balance the ice/firn/snow density must 35 be considered. A value of 900 kg m -3 was applied to assess the water equivalent (w.e.) of mass changes from 36 elevation differences, with an ice density uncertainty of 17 kg m -3 then added (Gardner et al., 2013; Neckel et 37 al., 2013).
38
Elevations from the ICESat Geoscience Laser Altimeter System (GLAS) (Neckel et al., 2013) were used 39 to assess the accuracy of the TOPO and SRTM C-band DEMs. These data were obtained from the National 40
Snow and Ice Data Center (NSIDC) (release 634; product GLA 14). Because of the effect of clouds, some 41 GLAS data could not represent the true altitude of the ground. Outliers of elevation differences between GLA 42 14 and multi-source DEMs in off-glacier regions, with values exceeding ±100 m, were removed. Comparisons 43 between the GLAS and the TOPO and SRTM C-band DEMs elevation data yielded a mean and standard 44 deviation of 2.74 ± 1.73 m and 2.65 ± 1.48 m, respectively. The GCPs used to convert the unwrapped 45
TerraSAR-X/TanDEM-X interferogram into absolute heights from off-glacier pixel locations revealed that the 46 vertical biases of the TerraSAR-X/TanDEM-X DEM and GLA 14 were similar to those of the SRTM C-band 47 DEM and GLA 14.
48
To estimate the errors of the derived surface-elevation changes, the residual elevation differences in 49 off-glacier regions were estimated assuming that heights in these areas did not change from 1980-2014 and 50 that elevations should be equal in TOPO and SRTM C-band DEMs and the TerraSAR-X/TanDEM-X DEM.
51
The mean elevation differences (MED) between the final difference maps in the off-glacier regions ranged 52 from -1.42 to 0.75 m (Table 2) . Because averaging over larger regions reduces the error, the standard 53 deviation (STDV) over off-glacier regions will probably overestimate the uncertainty of the larger sample, so 1 the uncertainty can be estimated by the standard error of the mean (SE):
where N is the number of the included pixels. To avoid the effect of autocorrelation, a de-correlation 4 length of 600 m and 200 m was employed for difference maps derived by common DEM differencing and 5 DInSAR (Bolch et al., 2011; Neckel et al., 2013). The overall errors of the derived surface-elevation 6 changes can then be estimated using SE and MED from off-glacier regions:
Finally, the root of sum of squares of the estimated errors of glacier area and surface elevation changes, 9
and the ice density uncertainty of 17 kg m -3 , were used to estimate overall mass balance errors (Neckel et al., 10 2013). The location of glacier termini is often measured by remote sensing and field investigations. Due to the 10 differences in the periods studied and spatial scales, the length changes of glacier centerlines in this study are 11 less than in previous studies, except for the Azha Glacier 
25
Glacier 5O282B0111 (Fig. 3B) , it could be determined that the advance occurred mainly before 1988 after which
26
time the glacier retreated continuously (Fig. 7) , and was likely due to increased precipitation in the (Fig. 8) . Clean-ice extended 13 down to 2800 m a.s.l. whereas 5300 m a.s.l. was the highest altitude of the debris-covered region. The 14 mass-loss patterns on a debris-covered tongue are complicated, with supraglacial lakes, ice cliffs and a 15 heterogeneous debris cover, (Pellicciotti et al., 2015). Although it is generally believed that ablation rates are 16 retarded with a thick debris-cover due to its insulation effect, some previous studies have found that ablation is 17 greater when the debris is less than a critical thickness ( Overall, negative elevation changes were found for all glaciers except two on the southern slope of the 22
Kangri Karpo (Fig. 6C) . (http://westdc.westgis.ac.cn/data/7a35329c-c53f-4267-aa07-e0037d913a21). The horizontal distributions of 50 surface temperature and precipitation change from May to September derived from this data is shown in Fig. 9 .
51
It is clear that warming has been a dominant phenomenon in the southeastern TP during recent decades. The 52 warming rate on the northern slope of the Kangri Karpo is slightly larger than on the southern slope. The 53 evidence of precipitation change was inconsistent in that an increasing trend was present in much of the Kangri 1
Karpo, yet there was a decreasing trend in the eastern part of the range. The changes in air temperature and 2 precipitation were confirmed with data from the three nearest meteorological stations, Bomi, Zuogong and When comparing the termini of all glaciers, only nine glaciers showed advance while the others were retreating.
28
Compared with the recession of mountain glaciers in western China, glaciers in the Kangri Karpo have 29 experienced extremely strong retreat.
30
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5O282B and 5O291B are the drainage basins on the north and south slopes of the Kangri Karpo. 
